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Introduction
Biomass production is a primary function of forest ecosystems that is influenced by an interplay of processes: roots capture nutrients from soil, stems and branches provide mechanical support and conduct water with nutrients, and leaves fix carbon . Because plants have to balance the allocation of resources to roots, stem, branches and leaves in a way to enable necessary physiological activities for the functioning of these organs, only plants that are successful in acquisition of resources will maintain or achieve a regular growth (Bloom et al. 1985 , Shipley & Meziane 2002 . The extent to which acquisition and utilisation of resources vary among taxa would define the limit of plant biomass production (Reich 2002) . Therefore, understanding the patterns of biomass partitioning within plants is of high importance in the field of tree physiology and plant ecology, and also has many applications for agriculture/forestry.
Biomass allocation has generally been used to capture resource utilisation by plants in empirical and simulation studies (e.g. Seifert & Müller-Starck 2009 , Tomlinson et al. 2014 , Freschet et al. 2015 . According to the optimal partitioning theory (OPT), plants should allocate more biomass to organs that have limited access to resources (Bloom et al. 1985) . For instance, in water-and nutrients-limited environments, plants decrease the biomass allocation to foliage with increasing light availability (Shipley & Meziane 2002 . Similarly, in nutrient-limited soils, more biomass would be allocated to roots to increase use of water and nutrient resources (Deng et al. 2006 . Therefore, biomass allocation among plant organs is driven by above and belowground environmental conditions (Müller et al. 2000 , Freschet et al. 2015 , but plant size (Pino et al. 2002) , ontogenic trends , Xie et al. 2012 , species competitive abilities (Ninkovic 2003 , Dybzinski et al. 2011 , species identity and functional traits can also act as potential covariates to define the investment in support tissues.
Many previous studies have emphasised the influence of plant size on biomass allocation (Bonser & Aarssen 2009 , Poorter & Sack 2012 , Xie et al. 2012 , regardless of whether root to shoot ratio, or its inverse shoot to root ratio is used (Wilson 1988 , Reich 2002 , Mokany et al. 2006 . The use of root to shoot ratio has the advantage of taking into account the whole plant, however, it condenses the total aboveground biomass into one compartment and therefore limits the investigation on the different organs (e.g. stem, branch, leaves) . Whether the generalisation about plant size influence on biomass allocation also applies for aboveground organs alone, has received much less attention so far (Körner 1994 . In particular, as stem, branches and leaves have different physiological activities (Pearcy et al. 2005) , analysing the patterns of biomass allocation between aboveground organs can produce additional information. Accurate quantification of wood (i.e. stem plus branch) and foliage biomass would allow for understanding such patterns, the extent to which they vary among species, groups of species, and according to specific traits.
Species groups, distinguished phylogenetically, morphologically or physiologically, are important because species from different groups may have different specialized strategies to optimize uptake of resources. Depending on plant traits, species are often grouped into woody or herbaceous species, angiosperms or gymnosperms, coniferous or broadleaved, deciduous or evergreen. Specific traits such as wood density, leaf area and maximum height could show strong influence on the allocation patterns (Mokany et al. 2006 , Reich 2002 . For instance, wood density is a good predictor of individual tree diameter increments (Wright et al. 2010) , and correlates con-sistently with the biomass increment (Finegan et al. 2015) . Besides wood density, specific leaf area is known to be related with the intensity of plant respiration and photosynthesis (Ivetić et al. 2014 , Weraduwage et al. 2015 , and thus plant growth. In the infancy of its growth, a plant would tend to allocate more resources to leaves so that to allow maximum interception of light and favour fixation of large amounts of C from atmosphere. As a result, leaf area would co-determine, through the rate of photosynthesis and respiration, the relative growth rate of the plant (Tomlinson et al. 2014) .
In this study, we evaluated the biomass allocation to wood (stem plus branch) and foliage using our available data on the aboveground biomass of 89 trees from six species in a Mistbelt forest (South Africa). We expected that tree size, species identity and functional traits would influence the biomass allocation, but we did not know their relative importance.
We first examined the between-species variation in the biomass allocation using the leaf to wood mass ratio (LWR). Because biomass allocation is size dependent, we assessed simultaneously the effects of tree size (diameter at breast height, dbh) and species identity on LWR. We further accounted for the effect of tree size, and tested whether the biomass allocation in the aboveground compartment was influenced by species traits such as, individual leaf area and wood density. Finally, we compared the trend lines of LWR and dbh scaling relationship between groups of species. We tested the hypotheses that (i) LWR decreases with increasing tree diameter, but (ii) the effect of tree size works differently according to the species group. Specifically, we suspected that (iii) the slope of the trend line of LWR-dbh in the group of species with higher leaf area, would be larger than in the one of species with smaller leaf area.
Materials and Methods

Study area and species
The study area is located in Limpopo Mistbelt Forests, in South Africa (Mucina & Rutherford 2006) . The study was specifically carried out in Woodbush-De Hoek State Forest (approximately 23°50'S, 29°59'E), near Tzaneen, in the North Eastern Transvaal (Geldenhuys 2002 On the basis of leaf area, specific wood density and the relative dominance in the forest, six species were considered for this study. They were Celtis africana Burm. f. (Cannabaceae), Combretum kraussii (Combretaceae), Croton sylvaticus Hochst. (Euphorbiaceae), Syzygium gerrardii (Myrtaceae), Trichilia dregeana Sond. (Meliaceae) and Xymalos monospora (Monimiaceae). C. africana, C. kraussii and C. sylvaticus are deciduous trees while S. gerrardii, T. dregeana and X. monospora are all evergreen species.
Sampling design and laboratory analysis
Data on aboveground biomass was obtained from tree and branch sampling, individual tree measurement, and laboratory processing from December 2014 to May 2015. Fourteen to fifteen individual trees were selected per species across a wide range of diameter at breast height. In total, 89 individual trees were con-sidered.
Because the studied species were protected in South Africa, they were measured and sampled without damaging them. Thus, the diameter was measured on the standing stem at every 2 meters interval up to the crown base, by a professional tree climber. The larger branches (basal diameter >15 cm) were treated as stem section and thus measured at the thick and thin diameter ends. The distance from the thick and thin points was also measured. On the smaller branches (basal diameter <15 cm), only the branch basal diameter was measured. In addition, samples of wood cores were collected at breast height and crown base levels using increment corer, for further determination of wood density. To limit the damages to the tree, two to four branches were sampled at different height levels for each tree, and packed into paper bags for estimation of dry mass of branch wood and foliage. The wood density was obtained by using the water-displacement method and by oven-drying the core samples to equilibrium weight (at 105°C until 48 to 72 drying hours). The branch wood and foliage samples were also oven-dried at 105°C until their constant weight ).
Aboveground biomass data and specific traits
The dry mass of branch foliage was used to estimate for each species, the foliage biomass equations at branch level as a function of branch basal diameter (Mensah et al. unpublished) . Based on these specific foliage biomass equations and the branch basal diameter measured on standing trees, the foliage biomass was up-scaled from the branch level to the tree level. The same method was applied for the branch wood to determine the total dry mass of wood in smaller branches at tree level. In addition, the volume of larger branches and standing stems was calculated by applying Smalian's formula (van Laar and Akça 2007) , and the average wood density was thus used to calculate the wood biomass for the stem and larger branches. The total aboveground wood mass of each individual tree was then obtained by adding the biomass of stem and larger branches to the total dry mass of wood in smaller branches (Table 1) .
The plant traits used in this study were wood density (g/cm 3 ) and individual leaf area (cm 2 ). Wood density was obtained from laboratory analyses. Because wood cores were taken from two levels on each standing tree, the averaged wood density was used. The information on leaf area of these species was obtained from TRY database on biological traits (Kattge et al. 2011 ) and using the Trees of Southern Africa (Coates-Palgrave 2002). In case multiples values were available for a species, the average value was used. C. africana, C. kraussii, S. gerrardii and X. monospora have leaves with smaller area, whereas C. sylvaticus and T. dregeana have leaves with relatively greater area (Table 1) .
Data analysis
We evaluated the biomass allocation to wood and foliage by calculating for each individual tree, the foliage mass to wood mass ratio (LWR), i.e. the biomass allocated to foliage per unit of wood mass. To assess the effect of species identity, we tested for the difference of LWR among study species through a one-way analysis of variance applied to the log-transformed data. The normal distribution was checked using Shapiro Wilk statistic. Species were post-hoc compared by performing the Student-Newman-Keuls test. Next, we tested whether the size dependency hypothesis of biomass allocation applies for wood and foliage components, and whether there were differences among species. We used a Generalised Linear Model (GLM) to estimate simultaneously, the effects of tree size (i.e., dbh) and species identity. As the distribution of LWR was positively skewed, we fitted the GLM with Gamma family and "log" link. GLMs were also used to examine the relative effects of specific traits (wood density and leaf area) on LWR. To do so, we controlled the variation Finally, we grouped the species and compared the trend lines of LWR-dbh scaling relationship between groups of species. We used the specific functional traits as a grouping factor, thus distinguishing (1) between species with larger and smaller leaf area, and (2) between species with higher and lower wood density. After grouping, we found that the range for tree diameter was greater in the group of high wood density species (0.7-94.5 cm). Therefore, we excluded the largest trees from the set of study species to have approximatively the same range of tree diameter within each group, and to fairly compare the trends in LWR-DBH scaling relationship.
Results
Effects of tree diameter and species identity on biomass partitioning patterns
Within study species, the biomass allocated to foliage per unit of wood mass (LWR) ranged from 0.0038 to 0.0225 for C. africana, 0.0071 to 0.0704 for C. kraussii, 0.0200 to 0.0916 for C. sylvaticus, 0.0073 to 0.1443 for S. gerrardii, 0.0113 to 0.0485 for T. dregeana and 0.0053 to 0.0503 for X. monospora ( Figure  1 ). There were significant differences between species (F = 13.4; P < 0.001). On average, C. sylvaticus and T. dregeana showed the highest values of LWR, followed by C. kraussii and S. gerrardii, while C. africana and X. monospora had the same and lowest values (Figure 1 ). Tree diameter and species identity showed significant effects (P < 0.001) on the biomass allocation patterns, with 77.96 % of the total variance being explained (Table 2) . Tree diameter alone explained 44.44 % of the variance of LWR for all species (P < 0.001). The effect of tree size was shown by a significant decrease in LWR with increasing tree diameter ( Figure  2a) , regardless of the species. Results from GLM also showed species' significant effects Traits of study species and sampled trees Table 1 Note.
a -species with smaller leaf area, b -species with larger leaf area, c -species with lower wood density, d -species with higher wood density. on the leaf to wood mass ratio (P < 0.001, Table 2), and a large variability of species-specific slopes. For a given tree diameter, C. sylvaticus, T. dregeana, C. kraussii and S. gerrardii showed slopes of 1.27±0.14, 1.13±0.14, 0.81±0.14 and 0.53±0.14 respectively, higher than the one in C. africana, which was considered as the baseline (Table 2 ). X. monospora was ranked last, and had a slope that did not differ significantly from the one in the baseline (P = 0.320).
Effects of leaf area and wood density on biomass partitioning patterns
Leaf area and specific wood density explained 30.17 % and 12.61 % respectively, of the variance of the leaf to wood mass ratio, after the effect of tree diameter was accounted for. The leaf to wood mass ratio increased significantly (P < 0.001) with increasing leaf area (Table 2; Figure 2b ). Contrary to the leaf area, wood density showed a negative effect on the leaf to wood mass ratio (Table 2; Figure 2c) . Figure  3 showed a significant decline in LWR with increasing tree diameter for all species groups (scaling coefficient < 0, Figures 3a-b) . However, the biomass allocated to foliage per unit of wood mass decreased more steeply in higher wood density species (slope = -5.10 -4 ) than in lower wood density species (slope = -4.10 -4 , Figure 3b ). Accordingly, species with higher wood density had slightly lower LWR than species with lower wood density. In contrast, a more remarkable differentiation was noted between species with larger leaf area and species with smaller leaf area (Figures 3b): those with larger leaf area had greater slope and intercept, and therefore greater biomass allocated to foliage per unit of wood biomass.
Discussion
Our results showed that tree size (diameter) has a strong effect on the aboveground biomass partitioning patterns, as also revealed in other studies (Xie et al. 2012 . More specifically, LWR declined substantially with increasing tree diameter, regardless of the species. This means that as trees get larger, the production of foliage biomass per unit of wood mass tends to decrease. This outcome accords with other studies that reported for larger trees, an increasing relative contribution of stem and branches with a proportional decrease in the fraction of foliage (e.g. Pajtik et al. 2011 . This is also consistent with the fact that an increase in wood biomass occurs often at the expense of foliage biomass (Helmisaari Output of GLMs describing the effects of tree diameter, species identity, wood density and leaf area on leaf to wood mass ratio Table 2 et al. 2002) . Such a reduced production of foliage biomass is in part a result of the declining production of branch foliage when branches get older (King 1997) . This is intrinsically linked with increasing amount of heartwood in stems and branches with increasing age and in line with the findings that sapwood area is highly correlated with total foliage biomass according to the pipe model theory (Shinozaki et al. 1964a ,b, Marchand 1984 , Morataya et al. 1999 ). The higher LWR in younger trees indicates that more carbohydrate resources would have been allocated to foliage to undertake photosynthetic activities and allow rapid vertical growth. In natural environments (e.g. natural forests), it is remarkable that resource partitioning among plant organs at early development stages is part of plant's strategy built as a response of competition for light. But as plant size increases, more resources are allocated for stem growth (height and diameter) to enable plants to compete with conspecific and heterospecific neighbours. In the meantime, additional resources are invested for root growth and for below ground mechanical safety . Therefore, increasing tree size would result in different mechanical architectures that enable plants to differentially access the resources in the below and aboveground compartments (Fourcaud et al. 2008) . While our results support the hypothesis of size-related allocation patterns, the variance explained by tree diameter leaves much part of variation to be attributed to species-specific differences (Weiner 2004 , and / or environmental effects , Reich et al. 2014 . The significant effect of species identity on the biomass partitioning patterns stresses the plasticity of different species in acquiring resources and adjusting biomass allocation. Indeed, different species are expected to obtain resources in various ways because of the in- Figure 2 Individual effects of (a) tree size (DBH), (b) leaf area and (c) wood density on leaf to wood mass ratio. The regression coefficients (estimates) and values of pseudo R-square are given in Table 2 .
terspecific variation in architectural branching and phenotypic plasticity , Fourcaud et al. 2008 , Lambers et al. 2006 , Jarčuška & Barna 2011 , and in functional traits (Xie et al. 2012 , Freschet et al. 2015 . For instance, when analysing the individual effect of each species, we found the highest slopes for C. sylvaticus and T. dregeana. From a biological perspective, this result means that, for a given value of trunk diameter, C. sylvaticus and T. dregeana would exhibit higher foliage biomass per unit of wood mass, compared to C. africana, C. kraussii S. gerrardii and X. monospora. From a functional perspective, the relatively greater foliage biomass allocated in C. sylvaticus and T. dregeana is likely the result of the effects of functional traits that might be strongly involved in the construction of conductive tissues and the growth of plant.
Our results support the influence of plant functional traits, such as specific wood density and individual leaf area, on biomass allocation. Leaf area showed positive effects on the biomass allocated to foliage per unit of wood mass. Accordingly, species with larger average leaf area exhibited higher LWR than those with smaller leaf area. The leaf area seems to be a good explanatory variable of biomass allocation patterns because it defines not only the extent of interception of radiant energy, but also the absorption of CO 2 , and facilitates the transfer of water between foliage and atmosphere (Margolis et al. 1995 , Leuchner et al. 2012 , Weraduwage et al. 2015 . Our results reinforce the importance of leaf traits for plant performance . Specifically, larger leaves have greater potential for light interception and photosynthetic production. If the effect of leaf area can also explain the between-species variation of allocation patterns, then species leaf area should play an important role in determining the capacity of plant to capture aboveground resources (Freschet et al. 2015) , and also a crucial role in plant competition.
Leaf to wood mass ratio decreased with increasing wood density. The latter has proved to be a good indicator of the aboveground biomass in many studies (Chave et al. 2014 , Wright et al. 2010 , Finegan et al. 2015 , even though the relation between tree biomass and wood density is not always consistent (Stegen et al. 2009 ). Pajtik et al. (2011) found significant differences in whole tree biomass between beech, oak and pine species in Slovakia, and related this outcome to a probable effect of wood density. The here-reported influence of wood density could be explained by the fact that low wood density would allow for a faster tree growth (King et al. 2006 , Wright et al. 2010 , and when tree grows faster, more resources are allocated to the organ responsible for photosynthetic activities, thus stimulating the production of foliage. The faster growth in lower wood density tree is typical for pioneer tree species and enables them to fill forest canopy gaps quickly. On the contrary, in higher wood density species, the conductive tissues are most expensive to construct (Suzuki 1999) , thus slowing tree growth. Furthermore, it was found that LWR declined with increasing tree size for both higher and lower wood density species, consistently with what is expected from the size dependency hypothesis. However, the fact that LWR declines more steeply in higher wood density species than in lower wood density species indicates that the latter allocates more biomass to foliage and less biomass to stem and branches. This outcome suggests that additional resources have probably been allocated to foliage to maximize photosynthetic activities in low wood density species. All being considered, it is worth mentioning that co-existing species show quite different patterns of aboveground allocation and different correlations with structural traits. This may serve as proof that competition in the Mistbelt forests is interacting with tree structure and morphology. However, it must be taken into account that the competition in these multi-species forests is complex and that trees might change their competitive abilities during their lifetime as shown in similarly structured Afrotemperate forests .
Conclusions
Tree size was the major influencing variable on biomass allocation between leaves and wood and, species identity (i.e. difference in the species per se) showed clearly differentiable patterns, as response to varying plant functional traits such as leaf area and wood density. Therefore, our study underlines the role of plant size and functional traits in the plasticity of adjustment in biomass allocation, but more importantly, it highlights that neither tree diameter and species identity nor leaf area and wood density are the only important variables to consider if we are to catch the total variability in the biomass allocation patterns. While recent studies put forward the importance of above and belowground resources available, accounting for the role of plant functional traits that could capture the leaf and wood economics spectra, would provide deeper insights into the mechanisms behind resource utilisation and biomass allocation.
